Complement is a key component of the innate immune system and an effective first-line defense against invading pathogens. It recognizes foreign cell surfaces and induces cell lysis/killing and inflammatory responses ([@r1], [@r2]). C3 is the central component of the system. Depending on the trigger, three distinct pathways (classical, lectin, and alternative), which converge at the proteolytic cleavage of C3 to generate C3a and C3b fragments, can initiate its activation. The major effector mechanisms elicited by the complement system are phagocytic elimination through C3-dependent opsonization, anaphylatoxin-mediated inflammatory cell recruitment, and cell lysis through generation of the membrane attack complex (MAC). The alternative pathway acts as an amplification loop of the other two pathways. Upon dysregulation, either due to inherited or acquired genetic mutations or to the presence of autoantibodies, alternative complement pathway (AP) activity can cause a number of diseases such as age-related macular degeneration ([@r3]), paroxysmal nocturnal hemoglobinuria (PNH) ([@r4]), atypical hemolytic uremic syndrome ([@r5]), and C3 glomerulopathy (C3G) ([@r6]). In addition, recent studies have revealed that the AP may also contribute to a number of Ig-mediated kidney pathologies, including IgA nephropathy and primary membranous nephropathy, where locally deposited immune complexes activate the complement cascade ([@r7]).

AP activation depends on the proteolytic cleavage of factor B (FB), a trypsin-like serine protease which circulates in human blood in a latent zymogen form at a concentration of about 3 µM ([@r8][@r9][@r10]--[@r11]). During the central amplification step of the AP, C3b-bound FB is cleaved by factor D (FD) to generate C3bBb, the C3 convertase containing the FB catalytic subunit (Bb) ([@r11]). C3 convertase cleaves C3 to produce additional C3b, thereby further amplifying the local complement response. Binding of a second C3b molecule to the C3 convertase complex generates a C5 convertase complex, C3bBbC3b, thereby shifting substrate specificity from C3 to C5 and leading to MAC formation and C5a anaphylatoxin generation. The active site of FB, either in its latent form or as part of the C3 and C5 convertase complexes, exists in an inactive conformation ([@r12][@r13]--[@r14]). Known covalent inhibitors of FB, including nafamostat and peptide aldehydes ([@r15], [@r16]), lack specificity, and to date no FB inhibitor is available for therapeutic application. The high abundance of latent FB presents an additional challenge for drug discovery as full blockade would require high systemic drug levels if the inhibitor cannot discriminate between active and latent FB forms.

Results and Discussion {#s1}
======================

To identify small-molecule FB inhibitors, we screened a chemically diverse subset (2.5 × 10^5^ compounds) of our compound collection for direct inhibition of FB ([*SI Appendix*, Table S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820892116/-/DCSupplemental)) using a proteolytic assay that employed a cobra venom factor (CVF):Bb complex as stable surrogate of the C3 convertase ([*SI Appendix*, Fig. S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820892116/-/DCSupplemental)) ([@r17]). The screen identified the naphthalene-dihydro-imidazole amine compound **1** ([Fig. 1*A*](#fig01){ref-type="fig"}), which inhibits FB with a half-maximal inhibitory concentration (IC~50~) of 6.6 ± 3.5 µM (*n* = 22). The cocrystal structure of compound **1** bound to the catalytic domain of human FB at 1.64 Å resolution ([Fig. 1*B*](#fig01){ref-type="fig"} and [*SI Appendix*, Table S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820892116/-/DCSupplemental)) shows the imidazoline ring to bind into the S3 pocket ([@r18]) in close contact to Pro172D (chymotrypsin numbering system) and forming a hydrogen bond between the imidazoline NH of compound **1** and the Gly216 carbonyl. The naphthyl ring builds a cation--π interaction to the guanidine group of Arg192.

![Identification and structure-based optimization of a potent and selective FB inhibitor. (*A*) Chemical structure of compound **1**, compound **2**, and LNP023 and corresponding IC~50~ values for inhibition of FB. (*B*) Cocrystal structure of human FB in complex with compound **1** (yellow sticks) at 1.64 Å resolution. (*C*) Overlay of compound **1** (yellow sticks) and compound **2** (white sticks) with close-up view into the S1 pocket. (*D*) Overlay of compound **2** (white sticks) and LNP023 (cyan sticks). A sulfate ion (yellow) from the cocrystal structure of compound **2** is shown. The catalytic residues His57 and Ser195 and other key residues of the ligand binding pockets are highlighted and shown as sticks.](pnas.1820892116fig01){#fig01}

In a first step, compound **1** was optimized for better drug-like properties. The naphthyl was replaced by an indole ring that fills the S1 pocket more efficiently. The indole NH forms a hydrogen bond with the Thr190 side chain, and its 7-methyl moiety expands toward the bottom of the pocket. The dihydro-imidazole amine was replaced by a piperidine, which conserves the hydrogen bond interaction to Gly216 but shifts Pro172D outward by 2.8 Å (compound **2**; [Fig. 1 *A* and *C*](#fig01){ref-type="fig"}). The crystal structure of FB with compound **2** also revealed a sulfate ion to be bound in close proximity to the piperidine ring and having multiple interactions with the protein ([Fig. 1*D*](#fig01){ref-type="fig"}). To further increase the potency of compound **2**, we made use of this interaction network by introducing a benzoic acid moiety in position 2 of the piperidine ring, which forms hydrogen bonds to both the Asn220B side chain and the Asp218A-NH. Replacement of the methoxy by an ethoxy group and substitution of the 5-methyl by a methoxy group on the indole ring led to LNP023, a highly potent FB inhibitor ([Fig. 1 *A* and *D*](#fig01){ref-type="fig"}). LNP023 showed direct, reversible, and high-affinity binding to human FB as determined by surface plasmon resonance (SPR) (*K*~D~ value of 0.0079 ± 0.0019 µM) ([*SI Appendix*, Fig. S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820892116/-/DCSupplemental)). It inhibits FB with an IC~50~ value of 0.01 ± 0.006 µM (*n* = 6) ([*SI Appendix*, Fig. S3*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820892116/-/DCSupplemental)) and demonstrated potent inhibition of AP-induced MAC formation in 50% human serum (IC~50~ value of 0.13 ± 0.06 µM) ([*SI Appendix*, Table S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820892116/-/DCSupplemental)). In addition, the inhibitor is highly selective for FB, showing no inhibition of FD, no inhibition of classical or lectin complement pathway activation (up to 100 µM), and no significant effects (up to 10 µM) in a broad assay panel of receptors, ion channels, kinases, and proteases ([*SI Appendix*, Table S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820892116/-/DCSupplemental)).

To evaluate the inhibitory potential of LNP023 under physiologically relevant conditions, we assessed its effect on AP-mediated complement activation in 50% human whole blood. Intriguingly, the compound blocks zymosan-induced MAC formation with an IC~50~ value of 0.15 ± 0.02 µM (*n* = 18) ([*SI Appendix*, Fig. S3*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820892116/-/DCSupplemental)), a concentration that is significantly below that of endogenous FB in these samples (about 1--2 µM). Moreover, we generally find a good correlation between the IC~50~ values for FB inhibition and those for inhibition of MAC formation for a large number of inhibitors that we have generated during compound optimization, and as seen for LNP023, this correlation extends to compounds with IC~50~ values considerably below the concentration of endogenous FB in the respective serum samples ([*SI Appendix*, Fig. S4](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820892116/-/DCSupplemental)). Therefore, despite the similarity of the active sites of latent and convertase-associated FB ([@r13]), it appears that the compounds discriminate between the different FB forms and preferentially bind to the C3 and/or C5 convertase complex, or that the concentration of FB active sites is significantly lower than the total FB concentration. Alternatively, partial FB inhibition may be sufficient to stop the C3 amplification loop. In either case, latent FB does not appear to act as a scavenging sink for these inhibitors, suggesting that they should work in vivo at plasma exposures typical for small-molecule drugs.

We next studied the in vivo pharmacology of LNP023. The compound also strongly inhibits murine FB and blocks AP activation in 50% mouse serum with similar potency as in 50% human serum ([*SI Appendix*, Table S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820892116/-/DCSupplemental)). i.p. injection of LPS induced a time-dependent increase in AP activation in the plasma of C57BL/6J mice as determined by rising levels of the C3 cleavage products C3d/iC3b ([*SI Appendix*, Fig. S5*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820892116/-/DCSupplemental)), and LNP023 effectively blocked complement activation when dosed orally at 30 mg/kg 3.5 h after LPS administration ([*SI Appendix*, Fig. S5*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820892116/-/DCSupplemental)). Moreover, the compound caused full plasma inhibition of AP activation over 8 h ([*SI Appendix*, Fig. S5*C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820892116/-/DCSupplemental)) consistent with its pharmacokinetic profile ([*SI Appendix*, Table S4](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820892116/-/DCSupplemental)) and indicating that inhibition of the AP in vitro can be fully recapitulated in vivo.

FB-deficient mice are protected from KRN/I-A^g7^ serum transfer-induced arthritis ([@r19]), suggesting a central pathogenic role of the AP in this model. We tested LNP023 in KRN-induced arthritis at doses of 20, 60, and 180 mg/kg twice a day (b.i.d.) and found the compound to be highly efficacious in reducing the overall clinical score ([Fig. 2*A*](#fig02){ref-type="fig"}). Full disease protection was seen at 60 and 180 mg/kg. In addition, LNP023, at all doses, significantly inhibited complement activation in the joints as evidenced by the strongly reduced levels of Ba, C3d, and C5a ([Fig. 2*B*](#fig02){ref-type="fig"}). Joint histological analysis showed that the inhibitor strongly blocked inflammatory cell infiltration (cellularity), bone erosion, and proteoglycan loss in all treated animals ([Fig. 2*C*](#fig02){ref-type="fig"}). These results indicate that LNP023 is able to prevent AP-mediated disease pathology to the same degree as FB-deficient mice ([@r19]) and to fully block complement activation in the relevant disease tissue.

![LNP023 blocks KRN-induced arthritis. Arthritis was induced by KRN/I-Ag7 serum transfer in C57BL/6 mice 1 h after the first dose of compound (*n* = 8 mice per dose group). (*A*) Disease score was measured by joint swelling and shown as mean ± SEM. (*B*) Levels of complement activation products Ba, C3d, and C5a in the joint. (*C*) Representative images of joint histological analysis (H&E stain) and evaluation of inflammatory cell infiltration, bone erosion, and proteoglycan (PG) loss (safranin O staining) after 6 d of treatment. Vehicle (black bars), 20 mg/kg b.i.d. (light blue bars), 60 mg/kg b.i.d. (medium blue bars), and 180 mg/kg b.i.d. (dark blue bars). Data are mean ± SEM. *P* values were calculated using one-way ANOVA followed by Dunnett's multiple comparison test with a single pooled variance (for complement activation fragments and histology) or repeat measure two-way ANOVA followed by Dunnett's multiple comparison test; \*\**P* \< 0.01, \*\*\**P* \< 0.001, \*\*\*\**P* \< 0.0001. (Scale bars, 400 µm.)](pnas.1820892116fig02){#fig02}

Primary membranous nephropathy is frequently associated with nephrotic syndrome and can lead to end stage renal disease ([@r20]). It is typically caused by IgG4 autoantibodies to the M-type phospholipase A2 receptor on kidney podocytes resulting in subepithelial Ig deposits, activation of complement, and subsequent glomerular basement membrane injury. Activation of complement can be either lectin and/or alternative pathway mediated, and it has recently been found that FB-deficient mice do not develop proteinuria when immunized with the NC1 domain of human α3(IV) collagen as a model of membranous nephropathy ([@r21]). We show in a rat experimental model of membranous nephropathy that blocking the AP with LNP023 strongly ameliorated disease as demonstrated by the significant reduction in proteinuria, which was determined by the urinary total protein to creatinine ratio ([Fig. 3*A*](#fig03){ref-type="fig"}). Nephropathy in this model is induced by injection of an antiserum raised in sheep against a tubular epithelial fraction (Fx1A) from rat renal cortex ([@r22]), and LNP023 inhibits the AP in 50% rat serum with an IC~50~ value of 0.56 ± 0.23 µM (*n* = 12). When given prophylactically starting at the time of disease induction, compound doses of 20 and 60 mg/kg had a similar efficacy in preventing proteinuria. Importantly, therapeutic dosing of LNP023 after onset of proteinuria (day 6) immediately halted further disease progression. Histologic analysis at the end of the study revealed the compound to significantly improve the overall histopathology score, greatly attenuate glomerulopathy (characterized by enlarged glomeruli, basal membrane and Bowman's capsule thickening, and enlarged/rounded podocytes) ([Fig. 3*B*](#fig03){ref-type="fig"}), and prevent tubular degeneration ([Fig. 3*C*](#fig03){ref-type="fig"}) upon both prophylactic and therapeutic dosing. In addition, near-complete inhibition of complement activation, as judged by the absence of glomerular C3 deposition in most animals, was seen after compound treatment ([Fig. 3*D*](#fig03){ref-type="fig"}). Therefore, LNP023 is able to block AP activity in the kidney and stop glomerular disease progression in an autoantibody-driven animal model suggesting its potential therapeutic value for the treatment of human membranous nephropathy.

![Efficacy of LNP023 in an experimental model of membranous nephropathy. Passive Heymann nephritis was induced by injection of an anti-fraction 1A (anti-Fx1A) antibody serum, and LNP023 was dosed either prophylactically starting at day 0 or therapeutically starting at day 6 after disease onset. Nine animals were used per treatment group, and five animals received control (ctrl) serum. Light blue bars/symbols, 20 mg/kg b.i.d.; dark blue bars/symbols, 60 mg/kg b.i.d. (*A*) Proteinuria as determined by the urinary ratio of total protein (UTP) and creatinine (UCREA). The light blue areas indicate the duration of compound dosing. Open circles, control serum; black triangles, vehicle; blue filled circles, LNP023 20 mg/kg; blue triangles, LNP023 60 mg/kg. (*B*) Glomerulopathy (as characterized by enlarged glomeruli, basal membrane and Bowman's capsule thickening, and enlarged/rounded podocytes) and (*C*) tubular degeneration were determined by histopathological analysis after H&E staining on day 14 (therapeutic dosing) or day 15 (prophylactic dosing). (*D*) Glomerular C3 deposition. (*Left*) Representative histological staining of glomerular C3 deposition (grade 0 and 3). (Scale bars, 50 µm.) (*Right*) Glomerular C3 deposition after therapeutic dosing of LNP023 (day 15). Data are mean ± SEM. *P* values were calculated using one-way ANOVA followed by Dunnett's multiple comparison test with a single pooled variance (for complement activation fragments and histology) or repeat measure two-way ANOVA followed by Dunnett' multiple comparison test; \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, \*\*\*\**P* \< 0.0001.](pnas.1820892116fig03){#fig03}

C3 convertase activity is highly up-regulated in the serum of C3G patients ([@r6]). The disease is caused by C3 convertase dysregulation due to the presence of C3 convertase stabilizing autoantibodies (C3 nephritic factors) and/or mutations in complement proteins leading to glomerular deposition of C3 cleavage products and chronic kidney disease. Addition of LNP023 to C3G patient sera blocked abnormal C3 cleavage ([Fig. 4*A*](#fig04){ref-type="fig"}). However, a higher compound concentration (\>3 µM) was needed for full inhibition of C3 convertase activity than for inhibition of MAC formation in healthy serum (IC~50~ value of 0.12 µM; [*SI Appendix*, Table S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820892116/-/DCSupplemental)). This difference likely reflects the high level of AP activity in patient sera. C3 cleavage in this assay is, to some extent, dependent on newly formed C3 convertase since an FD inhibitor ([@r23]) ([*SI Appendix*, Fig. S6](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820892116/-/DCSupplemental)) is also efficacious, albeit requiring high FD inhibitor exposures. We next tested the FB and FD inhibitors for their ability to prevent C3G serum-induced hemolysis of sheep erythrocytes, a measure of surface-bound complement activation. In the presence of EGTA, hemolysis is dependent on a hyperactivated AP provided by the patient samples (hemolysis is driven by the formation of C3 convertase on the erythrocyte surface). Both compounds potently blocked hemolysis at 0.15 µM ([Fig. 4*B*](#fig04){ref-type="fig"}). However, since inhibition of fluid phase AP activity in C3G is more readily achieved by targeting FB than FD (cf. [Fig. 4*A*](#fig04){ref-type="fig"}), it appears that steady state AP activity in C3G serum is more strongly driven by C3 convertase stabilization than by its production. In line with this hypothesis, the FB inhibitor was able to block hemolysis of C3 convertase-coated sheep erythrocytes in the presence of C3G patient-derived C3 nephritic factors, which was not the case for the FD inhibitor ([Fig. 4*C*](#fig04){ref-type="fig"}). These data suggest that blocking the AP at the level of the C3 convertase with a FB inhibitor might have an advantage over FD inhibition for the treatment of C3G patients.

![LNP023 blocks complement activity in the serum of C3G patients and prevents lysis of human PNH erythrocytes. (*A*) Inhibition of C3 convertase activity in serum of C3G patients. Patient serum was incubated with normal human serum, and C3 degradation was detected by immunofixation electrophoresis and quantified. The AP is blocked in the presence of EDTA (maximum inhibition control) but not in the presence of Mg^2+^-EGTA, which blocks the classical and lectin pathways. LNP023 is shown in light blue at 1.1 µM and dark blue at 3.3 µM, and an FD inhibitor is shown in green. (*B*) Prevention of C3G patient serum-induced hemolysis of sheep erythrocytes. Erythrocytes were incubated with C3G patient serum and LNP023 (0.15 µM) or an FD inhibitor (0.15 µM). Hemolysis was measured by increase in optical density at 415 nm. Addition of EDTA and EGTA was used as negative and positive control, respectively. (*C*) Inhibition of nephritic factor-stabilized C3 convertase activity. Sheep erythrocytes coated with preformed C3 convertase were incubated with total IgGs from C3G patient sera in the absence or presence of LNP023 (0.15 µM) or an FD inhibitor (0.15 µM). C3 convertase stabilized at 15 min was calculated as % Z (Z~15min~/Z~0min~ × 100). The assay was adjusted to yield one active C3 convertase per sheep erythrocyte (Z~0min~ = 1; [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820892116/-/DCSupplemental)). (*D*) Inhibition of hemolysis of PNH erythrocytes. Blood from three patients was analyzed in 2--14 repeats, mean ± SEM. Inhibitors were used at 1 µM. Hemolysis of PNH erythrocytes was determined by FACS analysis. (*E*) Dose--response curves for inhibition of hemolysis of erythrocytes from PNH patients for LNP023, FD inhibitor, and anti-C5 antibody. Hemolysis was measured by FACS analysis. Curves are representatives of three patients measured in 2--14 repeats. For each curve, the average per person from all repeats was used. *P* values were calculated using one-way ANOVA followed by Dunnett's multiple comparison test with a single pooled variance; \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, \*\*\*\**P* \< 0.0001.](pnas.1820892116fig04){#fig04}

Finally, we tested LNP023 for its ability to prevent the lysis of PNH erythrocytes. The disease is induced by a somatic mutation in the PIG-A gene in hematopoietic stem cells resulting in a deficiency of GPI-anchored proteins, including complement regulators CD55 and CD59, and leading to episodic complement-mediated hemolysis ([@r24]). Using erythrocytes from PNH patients, we found that LNP023 is able to block C3 deposition on the surface of CD59-negative erythrocytes ([Fig. 4*D*](#fig04){ref-type="fig"} and [*SI Appendix*, Fig. S7](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820892116/-/DCSupplemental)) and prevent their lysis with an IC~50~ value of 0.4 µM ([Fig. 4*E*](#fig04){ref-type="fig"}). While LNP023 was as effective as an FD inhibitor ([@r23]) and showed full inhibition in this assay, we confirmed previous findings that treatment with a neutralizing anti-C5 antibody is not able to fully block hemolysis in vitro ([@r25]). This is also seen in anti-C5--treated patients in vivo, even at saturating antibody concentrations ([@r26]). AP inhibition, therefore, potentially offers an advantage over the current standard of care anti-C5 therapy ([@r27]) by blocking not only intravascular hemolysis but also any C3-driven pathogenic event ([@r28]). Moreover, the development of FB inhibitors could lead to a therapy, which, by preventing C3-mediated intravascular and extravascular hemolysis, may improve hematological responses of PNH patients, possibly resulting in complete resolution of anemia and independence of blood transfusions ([@r29]).

Our results demonstrate that the AP can be efficiently blocked in vitro and in vivo at the level of the C3 convertase. LNP023 is a small-molecule FB inhibitor. The compound is highly selective and potent and is currently in clinical development for a number of complement-mediated diseases for which there are no satisfactory treatments available today, including C3G, PNH, IgA nephropathy, and membranous nephropathy.

Materials and Methods {#s2}
=====================

Compound Synthesis and in Vitro Inhibition Assays. {#s3}
--------------------------------------------------

Details of compound synthesis are provided in [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820892116/-/DCSupplemental). Compounds were tested for FB inhibition either by using CVF:Bb as stable surrogate of the C3 convertase and purified endogenous C3 as substrate or by using a competition binding assay with FB and a Cy5-labeled small-molecule inhibitor as probe. AP inhibition was measured in 50% human serum or 50% human whole blood by following zymosan A-induced MAC formation. Serum or whole blood was preincubated with compound for 30 min before transfer to zymosan A-coated plates. MAC formation was detected with an anti-C9 neoepitope antibody by ELISA. AP complement deposition in mouse serum was measured in an analogous way except that C3b deposition was detected instead of MAC formation. Further details on protein purification and all in vitro assays are given in [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820892116/-/DCSupplemental).

Protein Crystallography. {#s4}
------------------------

Cocrystallization screening experiments were conducted with all compounds by using the catalytic domain (Asp470-Leu764) of human FB at a concentration of 25 mg/mL in 20 mM Tris, pH 7.5, containing 100 mM sodium chloride and 100 µM ZnCl~2~. Crystals were grown at 20 °C using a sitting drop vapor diffusion format. Details of the crystallization conditions for all compounds are given in [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820892116/-/DCSupplemental). All crystals were cryocooled in liquid nitrogen without the addition of cryoprotectant, and data were collected at the PXII beamline of the Swiss Light Source (SLS) at the Paul Scherrer Institut (PSI). Data collection and refinement statistics are shown in [*SI Appendix*, Table S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820892116/-/DCSupplemental). Crystal structures were solved by molecular replacement using the published structure of the catalytic domain (Protein Data Bank 1DLE). Structures were built and refined using Coot ([@r30]) and Refmac ([@r31]).

In Vivo Studies. {#s5}
----------------

Animal studies were performed in accordance with the Basel Cantonal Veterinary Committee. Animals were orally gavaged with vehicle \[0.5% (wt/vol) methyl cellulose (MC), 0.5% (vol/vol) Tween 80\] or LNP023 compound formulation (in vehicle) at the indicated doses. For KRN arthritis, disease was induced by tail vein i.v. injection of 150 μL K/BxN serum 1 h after compound or vehicle dosing. Swelling of hind paws was scored on a composite scoring scale of 0--24 per mouse. Front paws were snap frozen for subsequent lysate preparation for further analyses, hind paws were taken for histopathological processing, and serum was taken for ELISA and Western blotting.

Passive Heymann nephritis was induced by tail vein i.v. injection of sheep anti-rat Fx1A serum (5 mL/kg) into 7-wk-old male Sprague--Dawley rats. Compound or vehicle dosing was initiated 1 h before induction with Fx1A serum or on day 6 and continued b.i.d. until the end of the experiment on day 14. Urine was collected for the determination of creatinin, albumin, and total protein. At day 14 (therapeutic study) or day 15 (prophylactic study) after anti-Fx1A injection, a necropsy was performed, and kidneys were collected and processed for histopathology. Further details on all animal studies are provided in [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820892116/-/DCSupplemental).

Ex Vivo Studies with Patient Samples. {#s6}
-------------------------------------

All studies were conducted in accordance with the Declaration of Helsinki and approved by the respective institutional and/or licensing committees (Ethikkommission Nordwest- und Zentralschweiz for use of human blood under the Novartis Basel tissue donor program; Human Subjects Office/Institutional Review Board, University of Iowa, for C3G samples; and Comitato Etico Università Federico II for PNH samples), and all patients gave informed consent before donating samples.

For inhibition of complement activity in C3G patient serum, C3 cleavage products were detected by immunofixation electrophoresis as previously described ([@r32]) and further detailed in [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820892116/-/DCSupplemental). C3G patient serum-induced hemolysis of nonsensitized sheep erythrocytes was tested in 20% patient serum in the presence of compound or vehicle at 37 °C for 30 min, and hemolysis was quantified by measuring the optical density in the supernatant at 415 nm. To test whether LNP023 inhibits active C3 convertase stabilized with C3 nephritic factors (C3Nefs), the C3 complement stabilization assay was performed with sheep erythrocytes as previously described ([@r32]) (further details in [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820892116/-/DCSupplemental)). To perform the assay, 500 µg of patient IgG (containing C3Nefs) in 220 µL of EDTA-GVB buffer was mixed with 30 μL of C3 convertase-coated sheep erythrocytes (1 × 10^9^/mL). C3 convertase was allowed to decay at 30 °C for 0, 7.5, 15, and 22.5 min, and at each time point, 50 µL was transferred to an empty 96-well plate, and hemolysis was induced by the addition of 50 μL of rat EDTA serum in the absence or presence of LNP023 or an FD inhibitor at the indicated concentration.

Ex vivo hemolysis and C3-opsonization of PNH erythrocytes was measured by flow cytometry. Erythrocytes from PNH patients were obtained from peripheral blood after three washings in saline and were subsequently incubated with Mg^2+^-supplemented sera from ABO-matched healthy individuals \[normal human serum (NHS)\] at final hematocrits of 2%. To reduce interexperiment variability, pooled sera from at least three subjects all with plasma C3 levels in the normal range (0.9--1.8 g/L) were used. AP activation was achieved by acidification using HCl (1:20 of 0.1 M HCl), which resulted in a drop in the pH value to between 6.7 and 6.9. Compound was added to the tubes at different concentrations before complement activation. After 24 h incubation time at 37 °C in acidified NHS, hemolysis was quantified after staining of the erythrocyte pellet with a FITC-conjugated anti-C3 polyclonal antibody and a PE-conjugated anti-CD59 monoclonal antibody. The same anti-C3 and anti-CD59 staining also served to assess opsonization. Further details are provided in [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820892116/-/DCSupplemental).

Data Availability. {#s7}
------------------

Atomic coordinates and structure factors for human FB in complex with compounds **1**, **2**, and LNP023 have been deposited in the Protein Data Bank (accession nos. 6QSW, 6QSX, and 6QSV, respectively). All data are available in the main text or [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820892116/-/DCSupplemental).
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